Abstract A full-scale landslide-triggering experiment was conducted on a natural sandy slope subjected to an artificial rainfall event, which resulted in mobilisation of 130 m 3 of soil mass. Novel slope deformation sensors (SDSs) were applied to monitor the subsurface pre-failure movements and the precursors of the artificially triggered landslide. These fully automated sensors are more flexible than the conventional inclinometers by several orders of magnitude and therefore are able to detect fine movements (< 1 mm) of the soil mass reliably. Data from high-frequency
Introduction
Shallow, fast-moving landslides triggered by rainfall cause significant damage to infrastructure and affect many lives all over the world, particularly in mountainous regions. The dependency of the soil shear strength on effective stress and the pore water pressure suggests a strong correlation between the frequency of landslides and the hydrological conditions in a region, which is directly controlled by the climate (Borgatti and Soldati 2010) . Accordingly, it is predictable that the probable increase in the number of extreme climatic events (Frei et al. 2006; Crozier 2010; Huggel et al. 2012; Collins et al. 2013; Gariano and Guzzetti 2017) , coupled with concentration of population and infrastructure in mountainous regions, will lead to an increase in casualties associated with landslides in the future.
A better understanding of the triggering mechanisms, early detection of the soil mass movements, accompanied by an efficient evacuation strategy, are crucial for disaster mitigation. However, complex interactions between many geomechanical (e.g. Harp et al. 1990; Alonso et al. 2003; Springman et al. 2003; Take et al. 2004; Towhata et al. 2006; Borja and White 2010; Cascini et al. 2010; Yildiz et al. 2015; Soga et al. 2016; Elia et al. 2017; Tang et al. 2018) , hydrological (e.g. Montgomery et al. 2009; Krzeminska et al. 2012) and hydrogeological (e.g. McDonnell 2003; Brönnimann et al. 2013) processes can lead to the instability of a slope, all of which need to be taken into account when designing landslide prediction tools. Frequent measurement of deformations and shear band depth in unstable slopes can be used to estimate the possible volume of an eventual landslide. However, surface and/or subsurface displacement measurements cannot be used as numerical indicators of the safety conditions of the slope because the mechanical relationships between displacements, future failure mechanism(s) and associated safety factor cannot be investigated properly (Urciuoli 2002) . Several researchers, such as Griffiths et al. (2011) , Urciuoli et al. (2007) , Picarelli (2000) and Leroueil et al. (2009) , suggest that the safety of a slope subjected to pore water pressure increase is influenced significantly by the stresses parallel to the slope. Therefore, reliable measurements of the horizontal stresses in the slope provide valuable information about the state of stability of the soil mass. Hence, frequent and accurate measurements of displacement should be combined with the rain, pore pressure and horizontal soil pressure data to increase the reliability of predictions.
Slope inclinometers are the instruments most commonly used to monitor subsurface deformations in Bextremely slow to slowm oving landslides (based on the classification of Cruden and Varnes (1996) ), for which a relatively large monitoring interval (a few measurements per day or week) would suffice. However, the precursors of failure in sandy slopes might happen relatively close to the final stages of triggering the landslide and therefore conventional slope inclinometers are unsuitable (Ochiai et al. 2004; Picarelli et al. 2006) .
Alternatively, ShapeAccelArray/Field (SAAF) systems are capable of collecting data at a maximum sampling frequency of 128 Hz, which makes them suitable for dynamic measurements (Bennett et al. 2009 ). They consist of an articulated chain of triaxial MEMS (micro-electro-mechanical systems) accelerometers installed on successive elements (segments) each 0.305 or 0.500 m long (Abdoun et al. 2010) . They are normally installed inside PVC pipes of 25 and 32 mm inner and outer diameters, respectively. Therefore, the fine movements prior to the failure cannot be captured reliably if the casing has a high bending stiffness compared to the surrounding soil (Arenson et al. 2002; Buchli et al. 2016) . Moreover, they cannot easily be used to monitor movements of shallow layers above the bedrock, given the minimum required segment length.
Soil deformation sensors (SDSs) were developed to monitor the subsurface movements of a natural silty sand slope at a frequency of 100 Hz and to investigate the precursors of landslides induced by rainfall (Askarinejad and Springman 2017) . The measurements are based on recording and processing the bending strains along a flexible plate installed in the soil. The bending stiffness of these sensors is 300 times and 50 times less than that of the casings of
Original Paper slope inclinometers and SAAF sensors, respectively. A detailed comparison between the three subsurface denomination methods is reported by Askarinejad and Springman (2017) .
Features of the pre-failure movements of a natural slope subjected to heavy rainfall events are presented in this paper, and the results of the changes in bending strains along the SDSs are analysed to calculate the subsurface deformation profiles. These measurements are compared to the results of the surface movements recorded and computed using the photogrammetric method.
The horizontal pressures inside the soil body were also measured by earth pressure cells (EPCs) to obtain a spatial distribution of horizontal stresses at a frequency of 100 Hz. A network of hydrological, geotechnical and geophysical sensors was also used to monitor hydraulic aspects of the slope behaviour, in response to two extreme artificial rainfall events (Askarinejad et al. 2012b) .
The main objective of this paper is to analyse the way in which the landslide was triggered and started to move, using a combination of data from the sensors and the photogrammetric methods. One of the focuses of this analysis will be on the rate of the changes in various hydromechanical parameters leading to the landslide and whether the data from SDSs and EPCs could reveal the location of the failure.
Test site
The 38°steep slope had an area of approximately 300 m 2 and was located 380 m above sea level (m asl) in the northern part of Switzerland, close to Ruedlingen village, where several shallow landslides had occurred during, and following, extreme rainfall events in May 2002. The landscape shows many signs of creeping surficial deposits. The geological structure of the region mainly consists of Sandstone and Marlstone, which was deposited in the foreland basin of the Alps, containing alternate depositions (Platt 1992; Sinclair 1997; Labhart 2005) . Outcrops of Sandstone, springs, wet zones and ancient landslide deposits have been mapped in the region. The test site lies at the interface of the Sandstone and Marlstone (Brönnimann 2011) . The bedrock surface lies between 0.5 m and more than 5 m depth and was laterally inclined with a shallow convex form in the lower part of the slope (Figs. 1 and 2) . Fissures, which were parallel to the river Rhine, were mapped in the bedrock. These results were obtained from extensive geophysical surveys using the electrical resistivity tomography (ERT) method during the experiments (Lehmann et al. 2013) .
The lateral root distribution and root strength were estimated experimentally to quantify the root reinforcement. The root distribution was characterised based on the root diameter classes and frequency . Maximum root reinforcement was measured at approximately 2-3 m away from tree trunks. Figure 3b shows the spatial distribution of maximal contribution of the roots to the shear strength of the soil in the study area estimated with the root bundle model (Pollen and Simon 2005; Schwarz et al. 2010; Cohen et al. 2011) .
Soil characterisation
The main characteristics of the soil from the test slope are summarised in Table 1 . Several disturbed and undisturbed samples were taken from six test pits, which were located on the north and south sides of the slope between 5 and 20 m away from the borders of the test area. The sampling depth was up to 2 m. About 20 undisturbed samples for oedometer, saturated hydraulic conductivity, and water retention curve tests were taken by pressing 84.2 mm inner diameter thin-walled (20 mm high) rings into the ground. A flat platform was prepared in the test pit at each depth, and two vertically stacked rings were pushed into the soil very gently. The soil inside the lower ring formed the sample to be tested whereas the upper ring contained excess soil extruded during the process. Blocks of soil (approximately 100 mm × 100 mm × 100 mm) containing the rings were extracted and taken to the laboratory. The soil blocks were covered tightly with plastic sheets to avoid evaporation of pore water pressure and to maintain the in situ water content during transportation. The surrounding soil was then trimmed from the top and bottom of the lower ring, and the samples were prepared for testing. The value of in situ void ratio of the soil was determined for 12 samples. Larger sampler tubes, with 170 mm diameter and a length of 400 mm, were used to collect undisturbed samples for triaxial tests. No cementation has been detected between the soil particles, so major slope stabilising effects were provided by suction and root reinforcement. Wetting and drying branches of the water retention curve (WRC) of a natural undisturbed sample taken from site were determined using the axis translation technique (Delage et al. 2008; Marinho et al. 2008) (Fig. 4a) . The saturated hydraulic conductivity of soil was determined to be approximately 5 × 10 −6 m/s . The hydraulic conductivity function (HCF) of partially saturated soil (K r = K unsat /K sat ) was derived using the instantaneous profile method (Daniel 1982) (Fig. 4a ) (Askarinejad et al. 2012a) .
A series of unsaturated constant shear triaxial tests (Brand 1981) were performed to replicate the stress path that a soil element experiences during the rise of pore water pressure in a slope, during and/or after a rainfall event (Fig. 4b) . The testing apparatus and the measurement ranges of the sensors were controlled and set to comply with the low confining stresses required for these tests. The unsaturated specimens with initial void ratios of 1.08 and 0.86 and gravimetric water contents of 16.5 and 16.6% were prepared using the moist tamping method. They were anisotropically consolidated following initial isotropic consolidation to 12.3 kPa and 14.27 kPa. The looser specimen (e 0 = 1.08) experienced a slightly higher consolidation stress ratio (η = 1.2, η = q/p ′ , where q = σ′ a -σ′ r and p' = (σ′ a + 2σ′ r )/3, σ′ a is the effective axial stress and σ′ r is the effective radial stress applied in the triaxial cell), while the consolidation stress ratio for the specimen with lower initial void ratio was η = 1.06. The actuator applied 2.5 kPa higher deviatoric stress to the looser sample and then the internal feedback loop regulated it to the set value. Subsequently, water was injected into the specimens via the lower pore pressure valve. Thus, the mean effective stress decreased while the deviator stress and cell pressure remained constant. The decrease in the mean effective stress was controlled at a rate of 0.001 kPa/s.
The average value of volumetric water content was calculated based on the water balance of the specimen (difference between injected and extruded water from the specimen) and the volumetric changes. The suction was calculated according to the corresponding water retention curve. The actuator decreased the pore pressure slightly and then increased it, i.e., a small amount of water was sucked out of the specimen at the beginning and then water was injected into the specimen. This malfunction of the actuator is attributed to the low values of pore pressures in these tests and also to the interaction process between the pore pressure transducer and the motor of the actuator.
Accordingly, an increase in the mean effective stress was measured before the start of shearing in both tests. This increase in the mean effective stress was higher for the looser sample to about 5 kPa. Subsequently, the stress path of both specimens maintained constant deviator stress with decreasing mean effective stress until they experienced a decrease in the deviator stress at a stress ratio of 1.47, in both cases. The results suggest that the stress ratio (η U-CSD = 1.47) attained at failure is generally higher than the critical state stress ratio determined by conventional drained or undrained triaxial tests (Casini et al. 2010) . The soil specimen is following an unloading path, and therefore the higher value of the stress ratio at failure in this stress path compared to the critical stress ratio is due to the tendency of dilative behaviour in the specimen at very low confining pressures.
Instrumentation
The instrumentation setup was planned either to measure or to be able to derive profiles of pore water pressure, volumetric water content (at depths of 0.15 to 1.5 m), groundwater level, horizontal soil pressure, precipitation intensity, electrical resistivity of the ground and surface and subsurface deformations. The instruments were installed in three main Binstrumentation clusters^ (Fig. 3a) . The volumetric water content was measured using time domain reflectometers (TDRs), which were calibrated for the silty sand of the test site. The specifications of the sensors are listed in Table 2 .
The depth of the failure surface and the profile of subsurface movements of the soil mass were determined using four slope deformation sensors. The main part of a SDS is a slender aluminium (ALMg1) plate with a rectangular cross section (40 × 2 mm 2 ). Pairs of strain gauges, with pre-determined spacings, were installed on both sides of the plate as Bhalf Wheatstone bridges( Wheatstone 1843) to eliminate the temperature effects and to measure the bending strain at different depths. The sensors were installed in boreholes, which were drilled at pre-defined locations on the slope (Figs. 1 and 3 ) to a depth of 200 mm into the weathered bedrock. The SDS length was specified according to the depth of the bedrock at the location. The installed length above the bedrock of each SDS is reported in Table 3 .
The inclination of the deformed sensor, with respect to its initial position, can be calculated according to the measured bending strains (Askarinejad 2009 ). The deflection of the plate was derived from the inclination curve by integration based on the assumption that the main Aluminium body of the SDS remains elastic. Boundary conditions were defined by the fixed lower end of the sensor, with zero base deflection and rotation. The details regarding the calibration of these sensors, limit of the measurement range and accuracy of the measurements are discussed by Askarinejad and Springman (2017) .
Three press-in Glötzl pressure transducers (EPE/P model) were pushed into the soil at pre-defined locations up to a depth of 0.60 m to measure the horizontal earth pressure and pore water pressures. The sensors are composed of pressure pads, filled with de-aired oil, connected to a pressure transducer. The pore water pressure is measured using a pore pressure transducer connected to a de-aired oil saturated reservoir. The reservoir is in contact with the surrounding soil via a porous stone. The sensor has been tested to measure negative pore pressures reliably up to 8 kPa.
Landslide-triggering experiments
Artificial rainfall was applied to the selected slope over a period of 4.5 days in October 2008, with an average intensity of 15 mm/h for the first 2.5 days and 30 mm/h for the last 2 days. However, no failure was observed. A second attempt was made in March 2009 after implementation of a range of measures such as relocating the distribution of the sprinklers to provide more rainfall to the upper part of the slope (Fig.  3a) , where less soil reinforcement due to vegetation was present (Fig.  3b) . Artificial rainfall was applied by means of 14 oscillating garden sprinklers (Gardena Aqua-zoom 250). The lower sprinklers Mean in situ void ratio (−) 0.9
Mean in situ water content (%) 19.6 Fig. 4 a Water retention curve (WRC) of natural undisturbed samples from the test site determined using the axis translation technique and hydraulic conductivity function (HCF) for reconstituted Ruedlingen soil, derived with the instantaneous profile method (VWC volumetric water content). b Stress paths during consolidation and shearing of specimens in unsaturated constant shear triaxial tests experienced higher hydraulic heads as the water was supplied from water tanks above the slope (i.e. water tanks in Fig. 1) ; therefore, the spacing between the sprinklers was smaller in the upper part of the slope. The discharge from each sprinkler was calculated based on its installation location on the slope and hydraulic losses within the hoses and at the connections. The slope was partitioned into seven zones (Fig. 3) , and the amount of discharged water was calculated for each zone, according to the zonal area and number of sprinklers in it. The average rain intensity applied was about 10 mm/h, while it was just under 20 mm/h on the uppermost part of the slope and less than 5 mm/h in the lower part (Fig. 5) . Two precipitation intensity-duration
, where I is the rain intensity (mm/h), D is rain duration (h), and a and b are model parameters) for shallow landslides and debris flows determined for Switzerland (Zimmermann et al. (1997) (a = 32, b = − 0.7)) and for the central Europe region (Guzzetti et al. 2007 ) (a = 15.56, b = − 0.7)) are compared in Fig. 6 Varnes (1978) . The Bdebris slide^turned into a Bdebris flow^within about 30 s after triggering, with a maximum velocity of about 3 m/s, which fits in the velocity category of Bvery rapid^(class 6) according to Cruden and Varnes (1996) . The velocity of the debris flow was measured by image analysis of the captures from the photogrammetry cameras. The length of the failure zone was about 17 m, the width was 7 m and the depth varied between 0.3 and 1.3 m. The failure occurred at the interface of the soil and the bedrock on the right-hand side (looking upslope) and was located inside the soil mantle on the left-hand side (Figs. 3 and 6) . The lateral inclination of the bedrock, from the right to the left side of the slope, resulted in development of the perched water table on top of the bedrock at a faster rate on the right-hand side, which caused the initiation of the failure. Moreover, discharge of water from the porous layers inside the bedrock (exfiltration) (Figs. 1b  and 7 ) was detected at two locations at the back of the failure scar. Changes in pore water pressure Profiles of the PWP at different clusters during the rainfall event are shown in Fig. 8 . The increase in pore water pressure, representing infiltration of the wetting front, occurred faster in the upper part of the slope (cluster 3) compared to the middle and the lower parts, due to higher rain intensities at the top of the slope. The profile of pore water pressure did not show significant changes from time 14 h until failure at time 15 h in clusters 1 and 2. However, the pore water pressure decreased at depths of 0.30, 0.60, 1.20 and 1.50 m with an average value of 0.7 kPa in cluster 3 (Fig. 9a) .
Changes in the volumetric water content
The value of volumetric water content is used in combination with the pore water pressure to determine the effective stress of the soil in unsaturated condition (Bishop 1959; Bishop and Blight 1963) and hence the shear strength of the material, as shown in Eq. (1). Therefore, monitoring of this parameter is necessary to evaluate the stability of an unsaturated slope.
where u a is pore air pressure, and (σ − u a ) is named as normal net stress; (u a − u w ) is matric suction and χ is an effective stress parameter, which is related to the amount of moisture content in an unsaturated soil (Alonso et al. 1990; Toll 1990; Khalili and Khabbaz 1998; Nuth and Laloui 2008; D'Onza et al. 2011 ). The volumetric water content at a depth of 0.60 m of the slope in cluster 3 increased from 28% to around 45% during the rainfall event, while this changed from 25% to a maximum value of 59% at a depth of 1.20 m (Fig. 9b) . The TDRs at 0.60 and 0.90 m responded to the rainfall after 60 and 100 min, respectively. However, the deeper TDRs at 1.20 and 1.50 m showed increases in VWC after 100 and 140 min. The TDR at 1.20 m measured higher values of water content, compared to the TDR at 1.50 m. This can be due to difference in porosity of the soil at these two depths or to a local perched water table at the depth of 1.20 m, as indicated by the response in cluster 3 after 3 h (Fig. 8c) . The TDR at a depth of 1.20 m, which was the nearest instrument to the slip surface, measured a decrease in volumetric water content after about 10 h of measuring an almost constant VWC. This occurred about 1 h before the failure.
Mechanical responses of the slope
Surface movements of the slope before landslide A multi-image convergent network was set-up with four cameras to monitor surface movements using the close-range photogrammetric method. The images were captured at a rate of five frames per second (fps). The camera calibrations were performed using a self-calibrating bundle adjustment, both in the laboratory and under out-door conditions. Target tracking and image measurement used an adaptive sub-pixel cross-correlation method, both of which were implemented in two in-house software packages (BAAP and SGAP) to compute 3D coordinates of the target points, Fig. 5 Artificial rainfall intensity applied to the different zones on the Ruedlingen slope during the landslide triggering experiment respectively. An average 3D point-positioning precision of ± 18 mm was achieved (Akca et al. 2011 ). The three-dimensional coordinates of 63 white target points, which were pegged to the ground over the slope, were determined during the experiment.
The relative displacements of the target points are illustrated graphically in Fig. 10 . Computations on the images from the start of sprinkling until 23 min before the failure were made at 1 frame per hour (fph), and show relatively small planar movements, both down and across the slope (Fig. 10a) .
The upper right quadrant started to move downslope at a higher speed during the next 22 min before failure, reaching a maximum value of 400 mm in the horizontal plane and 300 mm in the vertical direction at some points (Fig. 10b) . The average velocity of surface planar movements was calculated to be 0.5 mm/s during this 22 min period, with a maximum of 1.97 mm/s. The upper right quadrant of the slope moved downslope during the last 30 s before the failure, with an average velocity of 140 mm/s. A maximum speed of (Fig. 10c) .
Depth of the failure surface and profile of the subsurface movements Three of the slope deformation sensors (SDS3, 4 and 1) were inside the failed area. The movement of the slope was derived, based on data from SDS4 and SDS1. The grouted base of the SDS3 was totally removed by the landslide as the failure occurred at the interface of the soil and bedrock at the location of this sensor.
There is a change in the sign of bending strain at the point where the failure surface hits the slope deformation sensors (Fig. 11) . Accordingly, the depth of the failure surface can be estimated by determination of the depths of adjacent strain gauges with different bending strain signs.
The bending strain measurements at two different depths of 1.14 and 1.455 m along the SDS4 are shown in Fig. 12a . The strain gauges located at these two points recorded similar but mirrored trends of changes in bending strains; both measurements indicated two local peaks before they start to accelerate about 30 min before failure. The occurrence of the two local peaks in bending strains might be due to the development of a shallower slip surface at a depth of 0.5 m (Fig. 13 ) and its interaction with the deeper and major shear band in the soil mass. The SDS4 deformation profiles are shown in Fig. 13 . Two slip surfaces can be identified by tracking shape changes in the deformed SDS4: the first at a depth of 0.50 m and the dominant one subsequently at 1.30 m depth. This agrees well with field observations after failure (small image in Fig. 13 ). These two slip surfaces have interactive effects on the behaviour of the SDS4, due to differences in the initiation time and speed of propagation.
The depth of the shear zone close to the toe of the failure surface (cluster 2, Figs. 3 and 7) can be determined by tracking the bending strain variations of SDS1, during the last seconds before failure at depths of 0.395 and 0.638 m (Fig. 12b) . Initially, the paths of strains versus time diverge gradually, with an increasing rate, reaching peaks at both depths a few seconds before failure. This observation indicates the development of a shear zone at SDS1 at about 0.5 m depth during the latter phases of the active landslide.
Integrated analysis of the landslide event
The behaviour of the slope is analysed based on the measurements of four slope deformation sensors, three earth pressure cells, three piezometers and six tensiometers located inside the failed zone. The changes in rain intensity measured by the rain gauge in cluster 3, which was in the initiation zone, are shown in Fig. 14a , together with the air temperature and soil temperature at 0.60 m depth in cluster 2.
Piezometric heights at three locations inside the failed area are shown in Fig. 14b . All of the Keller Druck piezometers were installed using the sand filter method. A borehole was made to the specified depth and a closed end standpipe was inserted inside the borehole. Holes of typical diameter of 2-5 mm at tip of the standpipe had been drilled and were protected by a cloth filter against blockage by fine particles. Sand was placed as a filter around the piezometer, which was positioned at the end of the pipe. A clay plug was formed on top of the sand. However, Pz4, which is installed in cluster 3 close to SDS4 (Fig. 3) , at a depth of 3 m, functioned more like a well, i.e. the gap between the piezometer casing and the borehole wall is filled with gravel, linking the borehole hydraulically to the piezometer tube. This sensor shows increases in the water level about 4 h after the start of rainfall. The piezometric height at Pz4 stabilises to a value of 1.6 m thereafter, with the phreatic surface at 1.4 m below the surface at Pz4. Pz 5 is located between clusters 2 and 3, at a depth of 1.4 m, and shows an increase in the water table 1.5 h after Pz4, before staying almost stable at a piezometric height of 0.8 m (i.e. phreatic surface 0.6 m below ground level). Pz1 is installed in the middle of the field, at a depth of 4 m and measures a water table of 0.25 m from the beginning of the experiment. However, 6 h after the start of the rainfall, it showed a drop of 0.15 m, followed by a steady increase to 0.47 m until 2 h before the failure, when a similar drop of about 0.16 m was measured. Likewise, Fig. 13 Deformation profile of SDS4 during the landslide triggering experiment. The small photo on the lower part of the graph shows the deformed SDS after failure Fig. 14 a Rainfall measured at cluster 3, soil temperature at 60 cm depth at cluster 2 and air temperature measured at the upper part of the slope. b External bending work per unit volume of slope deformation sensors and Piezometer measurements. c Changes in horizontal earth pressure Pz4 and Pz5 showed decreases in the piezometric heights about 55 and 20 min before failure, respectively. The time of the decrease in hydraulic head measured by Pz4, which was the closest piezometer to the slip surface, approximately coincides with the time that the bending strains accelerated in SDS3 and SDS4. The observed decreases in volumetric water content (measured by the TDR at a depth of 1.20 m, Fig. 9b ), piezometric levels and pore water pressure (measured by the tensiometer at a depth of 1.50 m, Fig. 9 ) can be attributed either to dilation of the soil at the failure surface or to development of some other forms of drainage through the ongoing slope deformations. Dilation can occur as the confining effective stresses at the shear band decrease due to increase of the pore water pressure with accompanying increase in void ratio and hence permeability. Casini et al. (2013) have also reported dilative behaviour of the silty sand samples from the experiment site during triaxial tests. These triaxial tests were performed on reconstituted specimens which were consolidated anisotropically and then sheared by decreasing mean effective stress at constant axial load. Similar observation of abrupt decreases in pore pressure prior to failure has been reported by Harp et al. (1990) in two landslides triggered on natural slopes. They attributed these drops to the piping of fine-grained soil particles.
The changes in horizontal earth pressure at a depth of 0.6 m are illustrated in Fig. 13c for all clusters. Earth pressure cell installed in cluster 1 (EPC1) in the bottom part of the slope showed a sharp increase of about 1 kPa during the early stages of the rainfall, with continual gradual increase, thereafter.
However, EPC2, which is in the compression zone of the eventual failed area, showed increases from the start of the measurements, which accelerated about 2 h (time 17-03 01:10:00), and subsequently 30 min, before failure. The first event coincided approximately with the time when the external bending work applied to SDS3 accelerated towards the local peak (Fig. 14b) .
The readings of the earth pressure cell at the top of the slope (EPC3; cluster 3) showed lower values than those measured by the other two sensors. This can be attributed to proximity of this cell to the extension area of the failure; therefore, the pressures were lower. However, this cell also showed an exponential increase in horizontal earth pressure (EPC3) starting about 2 h before failure occurred (time 17-03 01:10:00).
Changes in the external bending work per unit volume of the slope deformation sensors (Appendix) are presented in Fig. 14b . Higher values of external bending work per unit volume of SDS3 compared to SDS4 indicate larger movements on the right-hand side of the field, initially. This hypothesis is supported by the results of surface movement measurements using the photogrammetric method (Fig. 10) .
Analysis of the earth pressure changes during the large slope movements Horizontal earth pressure, pore water pressure and the lateral earth pressure coefficient (K) at a depth of 0.60 m in three clusters, during the last 35 s of the slope movement, are depicted in Fig. 15 . This time period covers the initiation and development of large movements of the soil mass. These movements started in the upper part of the slope and propagated downwards. Higher pressures are recorded in clusters 2 and 3, compared with cluster 1, which was within the runout area of the debris (Fig. 3) . Horizontal earth pressures at clusters 2 and 3 are similar until 3:23:54 (time point (1) in Fig. 15a ), measuring 16 kPa before the ground accelerated near cluster 2. This increase of total pressure has resulted in an increase of pore water pressure by~4 kPa in this cluster (time point (2) in Fig. 15b , time 3:23:58). The depth of the failure surface at the location of cluster 2 was determined by the SDS1 to be around 0.5 m (Fig. 12b) . Therefore, the measurements recorded by the EPC2 are regarded as the pressure fluctuations in the soil mass close to the shear band.
The value of lateral earth pressure coefficient (K) was calculated using Eq. (2):
where σ h ′ and σ v ′ are horizontal and vertical effective stresses.
Bishop stress (Bishop 1959; Bishop and Blight 1963) was used (Eq. 1) and the effective stress parameter (χ), was assumed to be equal to degree of saturation, as suggested by Öberg and Sällfors (1997) and Jommi (2000) . The value of degree of saturation was calculated from the volumetric water content and the porosity of the soil ( Fig. 9b and Table 1 ). The value of K increases from 1.6 to a maximum of 3.6, as failure developed at time 3:23:59.7 (time point (3) in Fig. 15c ) in the lowest compression zone (cluster 2). This peak is followed by a sudden decrease of earth pressure both at clusters 2 and 3, whereas the values of pore water pressure and K are both increasing in cluster 1. At the same time, the horizontal pressure and the value of K fluctuated in cluster 3, resulting in alternating relaxation and compression. The theoretical value of passive earth pressure at a depth of 0.6 m in a slope of 38°inclination, with 4 kPa of suction as measured by the pore pressure transducer (Fig. 15b) , can be estimated using Rankine's theory of earth pressure. The value of suction contributes as an apparent cohesion in the formulation suggested by Rankine (1857) . The fluctuating changes of the horizontal earth pressure and pore water pressure in cluster 3 might be due to a concertina effect caused by alternating extension and compression as the slope fails. The fluctuating changes in pore water pressure and horizontal earth pressure can be attributed to several other factors, such as development of interacting unstable blocks along the failed area, non-uniformity of the surface of the bedrock, heterogeneity of the soil and pull out and/or breakage of the roots at the base and side shear zones.
Summary and conclusions
Artificial rain was applied to a 38°steep forested slope in Northern Switzerland with an average intensity of 10 mm/h. A landslide of1 30 m 3 in volume was triggered after 15 h of rainfall. Slope deformation sensors were used to monitor the subsurface pre-failure movements of the soil mantle. These sensors are more flexible than the conventional inclinometers, such as SAAF and standard slope inclinometers, by several orders of magnitude and therefore are able to detect fine movements of the soil mass prior to failure.
The data can be logged at high temporal resolution (100 Hz) fully automatically. The depth of the failure surface was successfully determined based on the location of adjacent strain gauges, which showed divergent tilts along the sensors.
The pre-failure movements have been determined from the changes in the bending strains along the sensor. However, the measurements of subsurface displacements can be less reliable at large shear displacements along the failure surface (Askarinejad and Springman 2017) . This is caused by excessive bending of the sensor at the slip surface. The external bending work per unit volume of each sensor was determined as an indicator of the transmitted mechanical energy from the surrounding soil. However, it should be noted that the stability of the slope is directly related and influenced by the changes in the pore water pressure in the soil mass and the measurement of the transmitted energy from the surrounding soil to the sensors can be merely regarded as an indication of the relative subsurface movements in various parts of a slope.
Data from measurements of the pore water pressure, horizontal soil pressure and multi-camera surface monitoring (5 fps) contribute to an integrated analysis of the hydromechanical responses of the slope to a heavy rainfall event. The hydraulic and mechanical behaviour of the slope illustrated close interaction between the bottom-up saturation of the soil mass, together with the pore pressure development through rainfall infiltration, rate of movements and the coefficient of horizontal earth pressure. The measurements showed accelerating increases of the horizontal soil pressure, measured in a compression zone of the failing mass, approximately 2.5 h and more significantly~23 min before the failure.
The subsurface measurements of slope deformations and earth pressures indicate that the upper section of the slope sheared, developing a tension crack behind it and compressing the ground in the middle of the slope in two phases, until the lateral earth pressure coefficient (K) reached passive failure at the end of phase two, while ground pressures reduced temporarily at the initiation zone. Flow of water from the bedrock could be detected at this stage, which confirmed the measured increases in pore pressures at the interface of the soil and bedrock. Subsequently, the sliding block at the initiation zone also accelerated. Concertina behaviour then developed between blocks in the upper and lower parts of the landslide, with differing rates of acceleration and earth pressure development. A linear increase in horizontal earth pressure was measured in the eventual runout area of the landslide, after failure occurred in the upper areas of the slope, but this never reached the passive limit.
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Appendix. External bending work
The external work done on a beam with length L due to bending can be defined as (Freudenthal 1966) :
where σ zz and ε zz are the axial stress and strain due to bending, respectively; v is the volume of SDS, and A is the area of the cross section of the bent element.
The bending strain at each depth of the cross-section (y) is related to the inverse of the radius of curvature (κ) according to beam theory for pure bending:
where R is the radius of curvature due to bending moment (M). Equation 6 is derived by combining the three Eqs. 3 to 5:
where n is the number of strain gauges, and ΔL is the spacing of the strain gauges. The value of the external bending work per unit volume of SDS is calculated as
where U is the external bending work per unit volume of the bending part, and v is volume of the SDS.
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